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The brittle versus ductile transition for conventional metals is dictated by the competition between dislocation emission
and cleavage. For nanocrystalline metals with grain size below 25 nm, however, dislocation activities are suppressed and
the classic theory fails to apply. In this paper, one of the competing mechanisms that control the brittle versus ductile tran-
sition of nanocrystalline metals is found to be the grain boundary dominated creep deformation versus the grain boundary
decohesion. A model is proposed to quantify the crack propagation in nanocrystalline metals. The eﬀects of material prop-
erties, initial conﬁguration and applied loads on the property of crack propagation are addressed. It is concluded that
either the increases in the initial crack length, the applied load and the grain boundary damage, or the deterrence in creep
deformation, accelerate the crack propagation, and vice versa.
 2008 Elsevier Ltd. All rights reserved.
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Nanocrystalline metals have been widely studied (Gleiter, 1989; Meyers et al., 2006) for endeavors such as
high strength and ductility since 1980s. However, several experiments (Karch et al., 1987; Koch et al., 1999)
indicated that nanocrystalline metals frequently exhibited lower toughness and ductility than their coarse-
grained counterparts. Accordingly, a clear understanding to the mechanism that controls the brittle versus
ductile transition of nanocrystalline metals is of vital importance.
In conventional crystals, the brittle versus ductile transition is controlled by the competition between dis-
location emission and cleavage (Rice and Thomson, 1974). When the grain size falls below 25 nm, however,
experiments (Ke et al., 1995; Schuh et al., 2002) and theoretical analysis (Gryaznov, 1991) indicated that activ-
ities of dislocations were inhibited, and the classic mechanism for coarse-grained metals no longer applied.
New mechanisms of the brittle versus ductile transition for nanocrystalline metals must be found.0020-7683/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.12.018
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2003) and bubble rafts experiments (Van Vliet et al., 2003) suggested that the dislocation dominated deforma-
tion mechanism was replaced by the grain boundary dominated mechanism when the grain size was reduced to
nanometers. A maximum strength is believed to exist for each category of grain sizes (Schiøtz and Jacobsen,
2003; Xiang and Guo, 2006). The softening eﬀect for smaller grains could not be explained by the classical
theory of dislocation induced plasticity, but rather the manifestation of grain boundary mechanism in nano-
crystals. The classic theories such as Coble creep take into account the grain boundary diﬀusion and have a
grain size correlation. But its prediction of elongated grain shape does not correlate with the experiment data
of rolling nanocrystalline Cu (Lu et al., 2000), in which the grains keep equal-axial even at an extend of 5100%
elongation. Meanwhile, grain rotation was observed in the experiment (Shan, 2004). Based on the experiments
and analysis, Yang and Wang (2004) proposed a grain-cooperated deformation model (that included grain
boundary sliding, grain boundary diﬀusion and grain rotation) to describe the grain boundary dominated
deformation.
On the study of fracture process, the increase of grain boundary volume would raise the possibility for the
crack to propagate through the grain boundaries. Indeed, experiments (Xiao et al., 2001; Kumar et al., 2003)
and MD simulations (Farkas et al., 2002; Farkas et al., 2005; Frederiksen et al., 2004 revealed that crack prop-
agation in nanocrystalline metals preferentially took the path along grain boundaries. The crack propagation
is assisted by the cavitation along the grain boundaries and the triple junctions in front of the crack tip. The
void formation was attributed to the inconsistency in grain-cooperated deformation (Kumar et al., 2003), as
well as the impurities introduced in the synthesis process (Agnew et al., 2000). Experiments (Sanders et al.,
1997; Lu et al., 2000; Agnew et al., 2000) reported that compact samples with fewer voids and impurities usu-
ally exhibited higher toughness and ductility prior to failure. The cavitation of the grain boundary controlled
by the diﬀusion (as reviewed by Raj and Ashby, 1975) has a rate that has positive correlations to the grain
boundary diﬀusivity and the applied load. The increased availability for the crack to extend along the grain
boundaries and the diﬀusion enhanced grain boundary cavitation make the decohesion along grain boundaries
a dominant mechanism for the failure of nanocrystalline metals.
Based on the existing researches, we regard the grain boundary dominated creep and grain boundary dec-
ohesion as two competing mechanisms that control crack propagation in nanocrystalline metals. The bound-
ary dominated plastic deformation causes the crack to blunt and the stress near the crack tip to relax, while the
grain boundary decohesion causes the crack to extend. If the former mechanism prevails, the material exhibits
considerable ductility; while the material would behave brittle if the latter mechanism dominates. In this
paper, a model to investigate the brittle to ductile transition of nanocrystalline metals is proposed to quantify
the competition of two mechanisms.2. Formulation and parameter dependence
2.1. Quantiﬁcation of two competing mechanisms
A model for brittle versus ductile competition requires the quantiﬁcation for two competing mechanisms of
grain boundary dominated creep and grain boundary decohesion. The 9-grain cluster model proposed by
Yang and Wang (2004) is adopted to characterize the deformation of nanocrystalline metals. The 9-grain clus-
ter model incorporates both Ashby–Verrall mechanism (Ashby and Verrall, 1973) and the relative rotation of
closely linked grain pairs. The insertion/rotation process features the creep deformation of nanocrystalline
metals. In that model, the energy dissipation in the deformation process equals to the external working done
on the sample:_W ¼ _W diffusion þ _W slide þ _W GB þ _W disorder ¼ r_e ð1ÞFour terms that composing of _W correspond to the energy dissipations through four mechanisms: the grain
boundary mass diﬀusion, the grain boundary sliding, the ﬂuctuation of grain boundary area and ordering/dis-
ordering transition, respectively. They are expressed as (Yang and Wang, 2004):
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ð2Þwhere m and n are dimensionless parameters in diﬀusion, KB denotes the Boltzmann constant and T the abso-
lute temperature, D is the grain diameter, DV and DB denote the diﬀusivity through lattice and through grain
boundary, respectively, d is the thickness of the disordered layer and li the diﬀusion distance, gB is the viscosity
coeﬃcient and s the dimensionless sliding quantity, C denotes grain boundary energy per unit area, Dg0 de-
notes the energy diﬀerence from the disordered to the ordered state, and De denotes the strain increment after
a cycle of the deformation process. Various quantities m, n, li and s were tabulated by Yang and Wang (2004).
The creep law under that framework can be deduced as (Yang and Wang, 2004):_e ¼ Cðr rthÞ ð3Þ
where the creep rate coeﬃcient C and creep threshold stress rth depend on the grain size, the temperature and
the intrinsic material properties. The model agrees well with the low-temperature creep data of the electro-
deposited nanocrystalline Cu (Cai et al., 2000). A full cycle of insertion/rotation for the deformation can
be visualized as unfolding the grains located previously in zigzag lines to straight lines, as illustrated in Fig. 1.
With the presence of a crack, the evolution of the conﬁguration with grain-cooperated deformation is illus-
trated in Fig. 2. As one may observe, the crack not only blunts but also subtracts laterally as the grain bound-
ary dominated creep spreads the entire material under the applied load. The incompressibility dictates that the
blunting rate, as well as the subtracting rate of the crack are in accordance with the creep rate of the surround-
ing materials, i.e.:_d
d
¼  _a
a
¼ _e ð4ÞIn the case of constant remote stress, Eq. (4) can be integrated as:d ¼ d0e_eðtt0Þ ¼ d0eCðrnrthÞðtt0Þ
a ¼ a0e_eðtt0Þ ¼ a0eCðrnrthÞðtt0Þ
ð5Þwhere d and a are the crack width and the crack length, respectively, with their initial values d0 and a0 at time
t0.Insertion Rotation
Fig. 1. Illustration of 9-grain cluster model as ‘‘fold lines to straight lines”.
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Fig. 2. Illustration of crack blunting due to grain-cooperated deformation.
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along grain boundaries in front of the crack tip is of vital importance. The process consists of the deposition
of cavities and impurities along the grain boundaries during synthesis, the nucleation and growth of voids at
the grain boundaries and triple junctions under applied load, the coalescence of voids to form micro-cracks
and the connection of micro-cracks to a main crack, as illustrated in Fig. 3.
To quantify the mechanism of grain boundary decohesion assisted by void evolution, a damage variable x
is introduced which bears a physical meaning of the area percentage of cavitated grain boundary. The deco-
hering process is formulated by damage evolution along grain boundaries. For simplicity, damage evolution is
characterized by a power law, as an approximate expression for the diﬀusion controlled grain boundary cav-
itation process:_x ¼ 0; r 6 rdam
B rnrdam
1x
 v
; r > rdam

ð6Þwhere rn is the applied stress normal to the grain boundaries and rdam is the threshold stress for damage evo-
lution. Integration of Eq. (6) leads to:σ
σ
Fig. 3. Crack growth assisted by void evolution along grain boundaries.
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To consider the crack blunting eﬀect of creep deformation, we adopt the simpliﬁed version of Neuber for-
mula (Constable et al., 1970) for a notch conﬁguration to express the stress distribution ahead of the crack tip.
The stress normal to the plane of the crack midline can be expressed as:rn ¼ r 2ca þ
2q
a
 
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 	
ð9Þwhere q is the radius of curvature of the crack tip, a is the crack length, c is the distance from the crack tip and
r is the remote stress. Under constant remote stress, the normal stress distribution depends on two dimension-
less variables q/a and c/a. Eq. (9) agrees with the stress ﬁeld of linear elastic fracture mechanics when q/a tends
to zero.2.2. A model to combine two competing mechanisms
A model is proposed to combine two mechanisms for the crack propagation process in nanocrystalline met-
als. The crack propagates due to grain boundary cavitation, and blunts due to grain boundary dominated
creep. A segment of grain boundary decoheres only if every points of the segment reach the critical damage
condition. Then, two adjacent grains depart from each other via cooperative deformation of grains. For sim-
plicity, the real crack proﬁle is neglected and the crack conﬁguration is idealized as a straight line with the
initial width of one grain diameter. The crack is assumed to propagate a length of one grain at each step.
The process is illustrated in Fig. 4. The radius of curvature can be approximated as the circumradius of the
crack tip proﬁle as illustrated in Fig. 5.
Denote the instant of load application as t0. The initial radius of curvature is taken as q0 = D/2.
Because the normal stress decreases as the point moves away from the crack tip, the requirement for
the decohesion of grain boundary of length D is equivalent to achieving critical damage at point
c = D. The normal stress in front of the crack tip is assumed to be invariable during each propagation
step.
Denote ti as the time at which the ith step of propagation is completed. The crack conﬁguration after the ith
propagation step is characterized by:Fig. 4. A simpliﬁed model of crack propagation controlled by two competing mechanisms.
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Fig. 5. Calculation for the radius of curvature at a crack tip.
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ð14Þprovided that the eﬀect of lateral contraction due to creep deformation is omitted.2.3. Parameter dependence of crack propagation
We explore the dependence of the crack propagation speed on various parameters such as remote
stress, creep coeﬃcient and damage evolution coeﬃcient. Repeating the calculations from Eqs. (10)–(14)
for each propagation step, one obtains the time costs for each step, as well as the plots for crack length versus
time.
Let us take the case of electro-deposited nanocrystalline Cu (Cai et al., 2000) for a model calculation.
Experiment data furnished the creep coeﬃcient C of 6E14 Pa1 s1 and creep threshold stress of
130 MPa for nanocrystalline Cu (D = 30 nm) at 310 K. The time scales for the GB cavitation and GB induced
creep deformation are comparable since both involve GB diﬀusion. Thus, a magnitude relation of
C(rn  rth)  B(rn  rdam)v should hold ahead of the crack. Select a control point ﬁve grains ahead of the
crack tip, one estimates rn as 1000 MPa under the values of a0 = 500D and r = 150 MPa. Take v as 1.5, rdam
as 200 MPa, the magnitude of B is estimated as 2E18 Pa3/2 s1.
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ranging from the case of small scale yielding to that of global yielding. While the other parameters are ﬁxed
as C = 6E14 Pa1 s1, rth = 130 MPa, B = 2E18 Pa3/2 s1, rdam = 200 MPa, v = 1.5 and a0 = 500D. The
results are shown in Fig. 6. Fig. 6(c) is an enlarged view for the short time response exhibited in Fig. 6(b). That
graph exhibits the interesting variation of crack length from the initial contraction (by blunting and lateral
subtraction) to the subsequent elongation. This phenomenon is attributed to the fact that the ﬁrst few steps
of crack growth cost much longer time than the subsequent ones, as shown in Fig. 6(a), and that favors
the lateral contraction due to GB induced creep. It is also noted that a higher remote stress causes more evi-
dent lateral contraction. Subtracting the lateral contraction eﬀect, as shown in Fig. 6(d), one observes that the
growth rate of the crack rises monotonically with the remote stress.
To investigate the eﬀect of creep coeﬃcient C, one may vary C to four levels of 3E14 Pa1 s1,
6E14 Pa1 s1, 9E14 Pa1 s1, 12E14 Pa1 s1, respectively, while the other parameters are set as:
r = 150 MPa, rth = 130 MPa, B = 2E18 MPa3/2 s1, rdam = 200 MPa, v = 1.5 and a0 = 500D. The results
are plot in Fig. 7. Fig. 7(b) clearly indicates that the crack propagation is slower and the lateral contraction
eﬀect is more prominent as the creep coeﬃcient C increases.
Attention is then focused on the eﬀect of damage evolution coeﬃcient B by choosing the latter in four dif-
ferent values of 1E18, 2E18, 3E18 and 4E18 Pa3/2 s1. Other parameters are ﬁxed as: r = 150 MPa,
C = 6E8 MPa1 s1, rth = 130 MPa, rdam = 200 MPa, v = 1.5 and a0 = 500D. The results are shown in
Fig. 8. A high value of damage evolution coeﬃcient B strives to accelerating crack propagation.Fig. 6. Eﬀect of remote stress on crack propagation. (a) Time cost for each propagation step; (b) crack length versus time; (c) a close-up
view of (b) for the short time response that delineates the initial contraction of the crack; and (d) crack length versus time (with the lateral
contraction eﬀect subtracted).
Fig. 7. Eﬀect of creep rate coeﬃcient on crack propagation. (a) Time cost for each propagation step and (b) crack length versus time.
Fig. 8. Eﬀect of grain boundary damage rate coeﬃcient on crack propagation. (a) Time cost for each propagation step and (b) the crack
length versus time.
Fig. 9. Eﬀect of threshold stress for damage evolution on crack propagation.
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and 300 MPa. Other parameters are set as: r = 150 MPa, C = 6E14 Pa1 s1, rth = 130 MPa, B = 2E
18 Pa3/2 s1, v = 1.5 and a0 = 500D. The results are shown in Fig. 9. A high value of threshold stress sup-
presses the damage evolution, and consequently deters the crack propagation.
3. Criterion of crack initiation
Attention is now focused on the initiation of crack growth after the load is imposed. As shown in Section
2.3, the ﬁrst propagation step costs much longer time than the subsequent ones do. Once the crack propaga-
tion starts, its growth rate increases with time. Thus, the point of crack initiation is critical for the brittle ver-
sus ductile transition. The above assumption that stress distribution retains constant during each propagation
step is rather crude for the calculation of crack initiation, since the incubation time for the ﬁrst step is quite
long. Referred to Eq. (7), the precise equation to calculate the incubation time for crack initiation is:Fig. 10
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de ¼ A ð17ÞThe equation indicates that e1 is related to four independent dimensionless variables: A, ~a0, ~rdam and v. The
four dimensionless quantities bear their own physical meanings. The value of e1 denotes the remote logarith-
mic strain at the crack initiation and that sets an upper limit for the integration variable e = C(r  rth)t. The
value of A measures the ratio of the creep deformation to the deformation that induced by grain boundary
damage evolution. The quantities ~a0 and ~rdam are the dimensionless initial crack length and dimensionless
creep threshold stress.. Contour lines of e1 on the A–v plane ð~a0 ¼ 500; ~rdam ¼ 2Þ, the dashed line indicates the artiﬁcial value of e1 at each relevant A–v
the black dotted line indicates the borderline between the propagation region and non-propagation region, the gray area indicates
n-propagation region.
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that e1 increases as A increases or as v decreases, indicating more work is required for the crack to propagate.
There are two e1 values referring to each A–v point. The larger one is artiﬁcial because the crack starts to
extend as soon as the smaller e1 is reached. When the other parameters remain ﬁxed, A is observed to have
a maximum value Amax as e1 takes diﬀerent values. That fact can be interpreted as the existence of an envelop
line. Beyond that envelop, a ﬁnite value of e1 is impossible, namely the crack does not propagate but only
blunts. That envelop is shown by the bold dot line in Fig. 10, below which lies the non-propagation region.
From Eq. (17), crack propagation is possible if and only if:A < Amax ¼ max
e1
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¼ 0:76 ð19Þone has Amax = 0, and henceforth terminates the crack growth. Under general circumstances, Eq. (18) has no
simpliﬁcation. However, when ~rdam=~a
1=2
0  1, as in the case of a macroscopic crack, Eq. (18) can be reduced
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ð20ÞThe e1 value for Amax varies approximately from 2 to 0.4 as v varies from 1 to 4.
4. Conclusions
The brittle versus ductile transition in nanocrystalline metals with grain size below 25 nm is modeled quan-
titatively via the competing mechanisms of grain boundary decohesion versus grain boundary dominated
creep. The model predicts the dependence of crack growth rate and crack initiation of nanocrystalline metals
on material properties, initial conﬁguration and applied loads. The crack propagates more rapidly under a
larger remote stress, a higher damage evolution coeﬃcient and a smaller creep coeﬃcient. The remote loga-
rithmic strain at crack initiation increases as the creep deformation mechanism overwhelms the grain bound-
ary damage evolution mechanism. When the parameters of material properties, initial conﬁguration and
applied load satisfy a condition stated in Eq. (18), the crack will not propagate but only blunt. The non-prop-
agation regime can be quantiﬁed by four dimensionless parameters as A < Amaxðv; ~a0; ~rdamÞ.
There has not yet been enough experiment data reported on the crack propagation of nanocrystalline met-
als to validate the present theory. However, the model introduced in this paper evaluates the relative eﬀects of
diﬀerent parameters on the crack propagation, and suggests a tractable approach to predict the brittle versus
ductile transition in nanocrystalline metals.
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